Objective: This study introduces digital image correlation (DIC) as a novel technology to objectively quantify pediatric facial symmetry.
Introduction
Facial palsy in children can be associated with functional abnormalities as well as differences in appearance and can cause significant emotional distress and impaired psychosocial development in affected individuals (Macgregor, 1990; Ross et al., 1991; VanSwearingen et al., 1998; Bradbury et al., 2006; Bogart et al., 2012; Fattah et al., 2012; Ho et al., 2012; Kleiss et al., 2015) . The clinical features of facial palsy can vary widely by etiology, severity, and age, as well as during recovery or reconstruction. A comprehensive, effective, and informative facial palsy assessment tool is needed to accurately and consistently describe facial nerve function, track recovery and response to treatment, and allow clinicians to communicate effectively. There are numerous subjective facial nerve grading instruments, but the 2 most commonly used are the House-Brackmann Scale and the Sunnybrook Facial Grading Scale (House, 1985; Ross et al., 1996; Fattah et al., 2014) . The House-Brackmann Scale was adopted by the Facial Nerve Disorders Committee of the American Academy of Otolaryngology as the standard tool to grade facial nerve recovery, particularly in Bell's palsy (Reitzen et al., 2009; Baugh et al., 2013; Fattah et al., 2015) . The Sunnybrook Scale was found by a literature review to be the best, most clinically useful outcome measure for assessing facial nerve disorders (Fattah et al., 2015) .
Both the House-Brackmann and Sunnybrook, however, along with all the other currently used facial palsy assessment tools, suffer from being subjective assessments of facial palsy that are often used inconsistently (Fattah et al., 2014) . These instruments are limited by what the human eye can detect and by each evaluator's biased definition of "normal" or "symmetric." Furthermore, these scales only have a finite number of gradations for facial symmetry: the House-Brackmann Scale grades facial function from I, normal, to VI, total paralysis; the Sunnybrook Scale grades symmetry from 1, gross asymmetry, to 5, normal symmetry, which is then ultimately converted to a 0 to 100 scale (House, 1985; Ross et al., 1996) . In reality, the degree of facial symmetry or asymmetry should vary along a continuum. These shortcomings highlight the need for an objective, quantitative means of grading facial motion and facial asymmetry, as existing ones have not been used consistently or popularly (Sasaki et al., 2008; Salgado et al., 2010; Frey et al., 2011; Marron Mendes et al., 2014; Chung et al., 2015) . Such an objective tool could better describe the idiosyncrasies of facial motion and appearance, specific to each patient, as well as more accurately track changes over time and in response to treatment.
This study introduces the potential use of digital image correlation (DIC) with speckle-tracking photogrammetry as an objective, quantitative facial palsy assessment tool. DIC is a state-of-the-art dynamic imaging technology that was originally developed for industrial analysis, but its use has been expanded clinically to study bone surface strain and deformational cardiac imaging (Tyson et al., 2002; Szetefek et al., 2010; Silva et al., 2015) . Furthermore, DIC has been recently validated for the precise, reproducible evaluation of dynamic facial tissue strain and has been used to quantify the aesthetic strain-reducing effect of botulinum toxin type A neuromodulation on glabellar rhytids (Hsu et al., 2014; Wilson et al., 2015; Wilson et al., 2016) . Because DIC can accurately measure both the direction and magnitude of facial soft tissue deformation, it can precisely capture asymmetries in these metrics between the normal and affected sides of the face. The analysis can be applied to the entire hemiface for an overall assessment of asymmetry or can be focused on discrete regions. This study explores the capabilities and potential use of DIC in characterizing facial paralysis by applying it to a series of pediatric patients with documented facial palsy as well as unaffected controls and by comparing the results to traditional assessment with the Sunnybrook scale.
Methods
Following IRB approval at our institution, 38 pediatric subjects, 12 with facial palsy and 26 controls, were prospectively recruited. Inclusion criteria for all subjects included age between 4 and 24. Subjects with a reported or documented allergy to face paint were excluded. Patients with facial palsy were recruited from the Facial Motion Disorders Clinic at our institution and had a documented facial palsy of any etiology. Facial palsy subjects with a history of facial trauma were not included in this study. The control subjects were recruited from the general population and did not have a history of facial palsy, significant facial trauma, facial scars, or motor disorders.
Subjects were asked to present for a 1-time imaging session. During this session, they were photographed and videotaped while making each of the 5 Sunnybrook expressions-openmouth smile, forehead wrinkle, gentle eye closure, snarl, and lip pucker-in addition to a neutral expression and a closedmouth smile. These images were recorded with standardized equipment and set-up. Four reviewers, which included 3 plastic surgeons and an occupational therapist, completed the Sunnybrook Scale for each subject using these pictures and videos. One of the plastic surgeons and the occupational therapist work extensively with facial palsy patients; the other 2 reviewers do not treat facial palsy in their practices. Although the Sunnybrook score is classically calculated by grading the function of the affected side to the normal side, a Sunnybrook score was calculated for each side of the face, with the reference being a subjective assessment of complete total functioning, which should be internally consistent with each reviewer. This was done to better capture asymmetry in function, especially in the control population, who do not have an affected side, rather than subjectively picking a normal side. With this goal in mind, evaluators used the degree of movement scale for each side of the face to evaluate symmetry of voluntary movement as opposed to the symmetry scale. For example, if a patient were evaluated to have frontalis movement during forehead wrinkle of a 4/5 on both sides, using the traditional Sunnybrook grading system, there would be no asymmetry in movement, whereas for this study, it was important to capture that bilateral weakness. Furthermore, by using the Sunnybrook for each side, it better evaluates functionality and asymmetry in patients with bilateral facial palsies, though this study focused on patients with documented unilateral facial palsies. For the facial palsy subjects, the percentage difference between the overall Sunnybrook score-composed of "Resting Symmetry," "Symmetry of Voluntary Movement," and "Synkinesis"-was calculated between the affected and nonaffected sides. For the control subjects, the Sunnybrook scores were calculated for the right and left sides, and a percentage difference was calculated as the difference between whichever side had the lower Sunnybrook score and the side with the higher Sunnybrook score.
Subjects then underwent dynamic imaging using DIC. The company who founded DIC, Trilion Quality Systems, assisted with this component of the study. Trilion provided the cameras for image capture, assisted in the image capture process, and provided the ARAMIS software for image analysis. In preparation, subjects had a white paint foundation applied to their faces, followed by a random speckling of black paint over their entire face ( Figure 1A ). Each subject was asked to sit in a chair that was 5 feet from a dual camera system positioned at about a 45-degree angle ( Figure 1B ). Subjects were then instructed to make the same 7 facial expressions as they had made for the normal pictures. Subjects were instructed to hold each of the expressions for 5 seconds. The DIC cameras took 7 pictures per second, for a total of 35 pictures for each facial expression.
As the subjects make the facial expressions, the DIC software tracks the movement of the black paint speckles and calculates the soft tissue strain relative to neutral expression. The software creates a baseline grid from a random assortment of the randomly placed black speckles and calculates the strain based on the percentage change in distance between points in the computer-generated grid. It is therefore not necessary to attempt to apply the black paint speckles in a uniform manner (Pickworth et al., 2015; Trilion Quality Systems, 2016) . Across the study surface, the software makes incremental analyzes of incrementally small patches and calculates strain in the horizontal and vertical directions. The values of the horizontal and vertical strain in the incrementally small patches are summated over the 3D surface of the face to determine the average strain in a manually defined target area. The software can also calculate position, but not strain, in the Z-direction, so this metric was not included in the analysis.
The target areas for each of the facial expressions were defined to capture the relevant soft tissue strain and strain asymmetry when making that facial expression, and each of the regions was divided by the midline running through the nose into a left and right side. The target areas for each facial expression were selected on the subject making a neutral expression, which enabled the DIC evaluators to be blinded to facial palsy status when performing the DIC analysis. For both the open-mouth and closed-mouth smiles, 2 areas were studied: lower face and around the eyes (Figure 2A and B). The lower face was defined vertically at the midline from the bottom of the nose to the chin and then extended laterally out below the zygoma to the angle of the mandible. The area around the eyes was confined vertically by under the eyebrow and above the zygoma and horizontally by the nose to the lateral hairline. The study region for forehead wrinkle was defined vertically to be above the brow to the superior hairline and horizontally to be from lateral hairline to lateral hairline ( Figure 2C ). For gentle eye closure, the area around the eyes was studied and defined to be the same area as that for the open-and closed-mouth smiles ( Figure 2D ). The midface area Figure 1 . (A) To prepare each subject for DIC, a base of white face paint is sprayed on evenly to cover the entire face. Speckles of black paint are blotted or painted on in a random pattern. The subject in this photo is a 21-year-old control. (B.) For the DIC imaging, subjects are seated in a chair that is 5 feet away from 2 cameras that are positioned at 45 degrees from the front of the patient. As the subjects make and hold each of the facial expressions, the cameras track the movement of the black speckles and calculate the magnitude and direction of the strain. Strain is calculated as the percentage difference in position of the black speckles relative to each other. The subject in this photo is an 8-year-old control. DIC, digital image correlation. Outline of the study region for the gentle eye closure on a control subject. (E) Outline of the study region for the snarl on a control subject. (F) Outline of the study region for the lip pucker on a control subject. (G) These are sample DIC images for a control subject and a facial palsy subject making an open-mouth smile. DIC graphically depicts that control subjects have relatively symmetric strain distribution in the lower face and around the eyes, whereas facial palsy subjects have asymmetric distributions of strain. DIC, digital image correlation.
was studied for snarl and defined from the mid-pupillary line at the level of the eyebrow down through the oral commissure to the jawline ( Figure 2E ). For lip pucker, the study area was defined horizontally by the oral commissures and vertically by the bottom of the nose to the chin ( Figure 2F ).
For each subject's facial expressions, the horizontal and vertical strains were determined for both sides of the face using the ARAMIS software. Each facial expression for each subject had 35 strain values-5 seconds times 7 pictures per second. A representative average was taken of these 35 values to reflect when the subjects were making the full facial expression. Oftentimes, subjects would be a little delayed in making the full facial expression or begin to relax. By looking at each set of 35 strain values individually to calculate a representative strain, this takes into account for variation in subject effort. Average facial strain was calculated by averaging the strains of the left and right sides of the faces. Facial strain asymmetry was calculated as the percentage difference in strain between the 2 sides. The results were exported to Microsoft Excel and JMP for statistical analysis. ANOVA was used to compare the soft tissue strains and strain asymmetries between facial palsy subjects and control subjects for all the facial expressions. Any differences with a P value less than .05 were considered to be statistically significant.
The composite scores of the Sunnybrook evaluations were averaged across the 4 evaluators, and those composite scores were compared between the facial palsy and control subjects. ANOVA was used to compare the Sunnybrook scores among the evaluators and between the 2 evaluators who work extensively with facial palsy patients and the 2 evaluators who do not. The DIC symmetry values for each of the 5 Sunnybrook facial expressions were averaged together to provide a single DIC proxy of facial symmetry, and multiple regression analysis was performed on this DIC measure and the Sunnybrook "Symmetry of Voluntary Movement" scores to determine the degree to which the trained eye can detect facial asymmetries compared to an unbiased, objective, quantitative measurement. Only the "Symmetry of Voluntary Movement" section was used for the correlative analysis because DIC was not configured to measure static symmetry or synkinesis. Age and gender were also included in the multiple regression analysis. Two models were run-one in which DIC asymmetry was used as the response and one in which Sunnybrook asymmetry was used-so that the effect of gender and age on both DIC strain and Sunnybrook value could be determined.
Results
Of the 38 subjects initially identified, 22 subjects actually participated in this study, 9 facial palsy subjects and 13 control subjects. The remaining 16 subjects either declined to participate or did not attend the imaging session. The control subjects, 6 males and 7 females, had an average age of 11.7, with a range of 4 to 23 years. The facial palsy subjects, 2 males and 7 females, had an average age of 13.9, with a range of 9 to 19 years. There were no significant differences in age (P ¼ .37) or gender (P ¼ .27) between the facial palsy and control groups. Seven subjects had acquired facial palsies: 3 resulting from Lyme disease and 1 each from Bell palsy, Guillain-Barre syndrome, Ramsey-Hunt, and a brain arteriovenous malformation. Two subjects had congenital facial palsies: one associated with hemifacial microsomia and one with CHARGE syndrome. The patient with HFM underwent a 2-stage facial reanimation 6 years prior and ear reconstruction 3 years prior to evaluation in this study but was still included as the patient's facial palsy was still actively being managed.
For the open-mouth smile, there were no significant differences in lower face or eye strain between the control subjects and facial palsy subjects, both in the horizontal and vertical directions. Facial palsy subjects had significantly greater lower face strain asymmetry than controls in the horizontal, 39.7% versus 10.3% (P < .01), and in the vertical, 38.1% versus 10.0% (P < .01), directions. Facial palsy subjects had significantly greater strain asymmetry around the eyes than controls in the horizontal, 31.7% versus 10.8% (P ¼ .01), and in the vertical, 29.1% versus 11.2% (P ¼ .01), direction (Table 1) .
For the closed-mouth smile, there were no significant differences in lower face or eye strain between the control subjects and facial palsy subjects, both in the horizontal and vertical directions. Facial palsy subjects had significantly greater lower face strain asymmetry than controls in the horizontal, 40.2% versus 13.1% (P < .01), and in the vertical, 32.8% versus 10.7% (P < .01), directions. The differences in strain asymmetry around the eyes between facial palsy subjects and controls were not significant in the horizontal or vertical directions (Table 1) .
For the forehead wrinkle, there were no significant differences in forehead strain between the control subjects and facial palsy subjects, both in the horizontal and vertical directions. Facial palsy subjects had significantly greater forehead strain asymmetry than controls in the horizontal, 36.1% versus 8.5% (P < .01), but not in the vertical, 38.6% versus 24.3% (P ¼ .13), direction (Table 1) .
For the gentle eye closure, there were no significant differences in strain around the eyes between the control subjects and facial palsy subjects, both in the horizontal and vertical directions. Facial palsy subjects had significantly greater strain asymmetry around the eyes than controls in the horizontal, 35.7% versus 13.1% (P ¼ .02), and vertical, 36.0% versus 13.6% (P ¼ .02) direction (Table 1) .
For the snarl, there were no significant differences in midface strain or strain asymmetry between the control subjects and facial palsy subjects, both in the horizontal and vertical directions (Table 1) .
For the lip pucker, there were no significant differences in strain around the mouth between the control subjects and facial palsy subjects, both in the horizontal and vertical directions. Facial palsy subjects had significantly greater strain asymmetry around the mouth than controls in the horizontal, 37.7% versus 17.8% (P < .01), but not in the vertical, 32.4% versus 13.3% (P ¼ .06), direction (Table 1) .
For the Sunnybrook scores, the facial palsy subjects had an average affected side score of 73.4 and an average nonaffected side score of 96.2, whereas the control subjects had an average lower side score of 95.1 and an average higher side score of 99.2. Facial palsy subjects had significantly greater asymmetry compared to controls, 24.1% versus 3.9% (P < .01) ( Table 1) . There was significant variability in the Sunnybrook scores among the 4 evaluators ( Figure 3A) . Furthermore, there were significant differences in Sunnybrook scores between 2 evaluators who work extensively with facial palsy patients and the 2 evaluators who do not. The facial palsy specialists detected a 9.5% asymmetry in controls compared to 0.9% by the nonfacial palsy specialists (P ¼ .02). The facial palsy specialists detected a 17.0% asymmetry in facial palsy subjects compared to 31.2% by the nonfacial palsy specialists (P ¼ .01) because the nonspecialists underrated the affected side functionality, 68.6 versus 76.5 (P ¼ .14), and overrated the nonaffected side functionality, 99.5 versus 92.3 (P < .01) ( Table 2 ).
The horizontal and vertical components of strain for all the facial expressions were averaged together to provide a single measure of DIC asymmetry to be used in a linear regression comparison with the Sunnybrook values. Control subjects had an average 14.8% asymmetry, compared to 33.0% for facial palsy subjects (P < .01).
Multiple regression analysis between the average DIC strain score and the average Sunnybrook Symmetry of Voluntary Movement scores revealed a significant positive correlation between the 2 variables: a 10% increase in strain asymmetry according to the Sunnybrook scales is associated with a 7.7% increase in strain asymmetry according to DIC (P < .01, R 2 ¼ 0.51). Furthermore, the average strain asymmetry according to DIC is 13.1% greater than the average strain asymmetry according to Sunnybrook (P < .01) ( Figure 3B ). Age and gender were insignificant predictors of DIC asymmetry (P ¼ .38 and P ¼ .62, respectively) and Sunnybrook asymmetry (P ¼ .30 and P ¼ .79, respectively).
Discussion
This study presents DIC as a novel, objective, and quantitative facial palsy assessment tool. DIC can capture the idiosyncrasies of facial dynamics and provides a quantitative analysis of the distribution and symmetry of facial soft tissue strain ( Figure 2G ). This technology correctly concluded that facial palsy subjects have significantly greater facial asymmetry than control subjects overall and in each of the Sunnybrook expression, with the exception of snarl. The lack of a significant difference in snarl may suggest that the facial palsy subjects in this study are not homogeneous, meaning that each facial palsy subject may have different branches of the facial nerve affected and to different degrees. Therefore, when using DIC to quantify facial palsies, it is important to base the analysis on several different facial expressions, ones that involve each of the branches of the facial nerve.
The fact that facial palsy subjects have significantly greater facial asymmetry than control subjects is not surprising and has been demonstrated by several other studies, using the traditional subjective facial palsy assessment tools (Mehta et al., 2007; Parvese et al., 2013; Iacolucci et al., 2015; Kleiss et al., 2016) . The important component of this study is the introduction of an objective, quantitative means to characterize and track facial palsies over time and as a result of intervention. Because of the great user control of DIC, the analysis of a given patient's facial palsy can be tailored very specifically to look at particular regions of the face to assess the function of the branches of the affected facial nerve. Unlike subjective measures that rely on the biased observer's judgment, DIC provides an objective, quantitative assessment of the direction and magnitude of facial soft tissue deformations. Such information can be used to guide surgical and nonsurgical interventions that aim to correct for the asymmetries and to objectively evaluate the anatomical success of such asymmetry-correcting procedures.
What is particularly interesting about this study is the comparison between the ability of specialist and nonspecialist evaluators to assess facial nerve function and detect facial asymmetries and the ability of this objective DIC technology to do the same. The 2 evaluators who work extensively with facial palsy patients were more critical than the 2 evaluators who focus on general plastic surgery, as they found a 9.5% asymmetry in normal controls, in contrast to the 0.9% detected by the other evaluators. According to the DIC analysis, controls had a composite 14.8% asymmetry, which suggests that the trained eye can detect, though underestimate, facial asymmetries whereas the untrained eye may not. Furthermore, this highlights one of the biases of subjective scales, like the Sunnybrook. Evaluators, especially ones who may not work a lot with facial palsy patients, may assume that a patient who does not have facial palsy will have perfect functioning and be nearly symmetric. This is also evidenced by the scoring of the facial palsy subjects in this study. The facial palsy experts rated the asymmetry only a 17.0% compared to a composite 33.0% for the DIC values, which could suggest that they get accustomed to the large degrees of asymmetry seen in facial palsy patients or that, after multiple visits with a given patient, they may normalize the degree of their patients' facial asymmetry. Together, the discrepancies in asymmetries of control and facial palsy subjects between the specialist and nonspecialist evaluators point to the variable, though reportedly reliable, interrater results (Coulson et al., 2005; Kanerva et al., 2006; Neely et al., 2010) .
Despite the interrater variability in facial asymmetry using Sunnybrook, the aggregated Sunnybrook data was highly correlated (P < .01 and R 2 ¼ 0.51) with the DIC-calculated asymmetry. This finding further supports the use of DIC in assessing facial palsies as the asymmetry rooted in soft tissue strain, measured by DIC, translates to the asymmetry that manifests in appearance detected by the human eye, measured by Sunnybrook. For both measures, there was significant variability among the facial palsy subjects (Figure 4) . Facial motion asymmetry of control and facial palsy subjects as calculated by DIC and by Sunnybrook. Control subjects had lower DIC and Sunnybrook asymmetry scores, whereas facial palsy subjects had higher DIC and Sunnybrook asymmetry scores. The specialist evaluators rated the asymmetry of control subjects closer to that of DIC, whereas the nonspecialist evaluators were closer to DIC when evaluating facial palsy subjects. DIC, digital image correlation.
It is important to note that the Sunnybrook was used differently in this study than previously described. This was done to better assess symmetry in the control subjects. The Sunnybrook, by default, assigns all nonfacial palsy subjects a score of 100 because there is no "affected" side. For similar reasons, the Sunnybrook also struggles in assessing patients with bilateral facial palsies. These points perhaps highlight the strength of DIC in the evaluation of pediatric facial palsy: it is objective, unbiased, and quantitative. DIC is not bound by what the human eye deems as "affected" and "not affected" or "normal" and "abnormal." DIC is able to detect asymmetries in subjects without facial palsies and can quantify the magnitude of differences in strain in facial palsy subjects.
Although DIC has its advantages over the subjective assessments, like the House-Brackmann and Sunnybrook, the technical requirements may limit or slow its clinical use. Unlike the written assessments that take just minutes to complete, DIC takes about an hour for setup, pictures, and data analysis. It is also difficult to perform DIC on subjects with significant facial hair because that distorts the speckle tracking. Furthermore, the black dot speckling density has to be optimal and requires a balance between having enough speckles to more comprehensively characterize strain and having too many, which may result in the black speckles coalescing and not being able to calculate strain. As our institution is the first to use this technology for the purpose of assessing soft tissue strain dynamics (Wilson et al., 2015; Wilson et al., 2016) , this technology is still in its infant stage with respect to clinical use. As the methods and techniques of applying the black dot speckling and the overall analysis process continue to improve, DIC will continue to find new and more expansive clinical applications. Although prior 3D photogrammetric means of assessing facial palsies, such as Manfred Frey's multiple video mirror system, have yet to gain ground clinically, DIC may provide clinicians with useful, user-generated analyses and depictions of their patients' ever-changing facial dynamics (Sasaki et al., 2008; Salgado et al., 2010; Frey et al., 2011; Marron Mendes et al., 2014; Chung et al., 2015) . Therefore, despite its limitations, DIC does have potential in the clinical planning or evaluation of facial palsies.
Conclusions
Digital image correlation is a dynamic imaging tool that can effectively quantify and describe facial palsies. DIC can accurately and reproducibly describe facial dynamics at baseline and over time as a result of recovery or intervention and may be useful in guiding surgical and nonsurgical corrective treatments. This unique technology is user-driven and can provide information regarding facial nerve function by quantifying soft tissue deformation. Because of DIC's unique quantitative capability, it may add to the clinical assessment of and treatment of facial palsies in ways that the currently used, subjective techniques may not.
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